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Differential Roles of TLR2 and TLR4
in Recognition of Gram-Negative and
Gram-Positive Bacterial Cell Wall Components
to participate in the antibacterial host defense but not
in the antifungal response, indicating that particular
pathogens induce specific antimicrobial responses in
Drosophila through the selective activation of the Toll
pathways (Lemaitre et al., 1997; Williams et al., 1997;
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One of such pathogen-associated molecular patterns1851-1 Hozumi, Hozumi-Cho, Motosu-Gun
(PAMPs) to be recognized by PRRs is lipopolysaccha-Gifu 501-0296
ride (LPS), a major component of the outer membrane ofJapan
Gram-negative bacteria (Medzhitov and Janeway, 1997).
LPS stimulates host cells and makes them produce vari-
ous proinflammatory cytokines such as TNFa, IL-1, andSummary
IL-6 (Morrison and Ryan, 1979; Ulevitch and Tobias,
1995). LPS is captured by LPS-binding protein (LBP),Toll-like receptor (TLR) 2 and TLR4 are implicated in
which delivers LPS to CD14 on the cell surface (Wrightthe recognition of various bacterial cell wall compo-
et al., 1990; Ulevitch and Tobias, 1995). However, sincenents, such as lipopolysaccharide (LPS). To investi-
CD14 is a glycosylphosphatidylinsitol (GPI)-anchoredgate in vivo roles of TLR2, we generated TLR2-defi-
protein without a transmembrane domain, the existencecient mice. In contrast to LPS unresponsiveness in
of a bona fide signaling receptor of LPS has been be-
TLR4-deficient mice, TLR2-deficient mice responded
lieved.
to LPS to the same extent as wild-type mice. TLR2- Several recent studies showed that TLR2 is a candi-
deficient macrophages were hyporesponsive to sev- date for the LPS signaling receptor. Overexpression of
eral Gram-positive bacterial cell walls as well as TLR2 but not TLR4 could confer LPS responsiveness
Staphylococcus aureus peptidoglycan. TLR4-deficient on human embryonic kidney 293 cells, although trans-
macrophages lacked the response to Gram-positive fection of TLR4 led to a low constitutive activation of
lipoteichoic acids. These results demonstrate that NF-kB (Kirschning et al., 1998; Yang et al., 1998). In
TLR2 and TLR4 recognize different bacterial cell wall addition, Godawski's group provided evidence that hu-
components in vivo and TLR2 plays a major role in man TLR2 could interact with CD14 to form the LPS
Gram-positive bacterial recognition. receptor complex (Yang et al., 1999). LPS treatment
leads to receptor oligomerization and to subsequent
recruitment of IRAK. In contrast, Poltorak et al. (1998)
Introduction and Qureshi et al. (1999) showed that TLR4 is responsi-
ble for LPS response by positional cloning of the Lps
The Toll protein controls dorsoventral patterning during gene, the causative gene of the LPS hyporespon-
the embryonic development of Drosophila (Hashimoto siveness of C3H/HeJ mice. We have also demonstrated
et al., 1988; Belvin and Anderson, 1996) and is required by generation of TLR4-deficient mice that TLR4 is actu-
for antifungal immune responses in adult fly (Lemaitre ally involved in LPS signaling (Hoshino et al., 1999). The
et al., 1996). Toll is a type I transmembrane receptor with discrepancy may be attributed to species-specific dif-
an extracellular domain containing leucine-rich repeat ferences in the primary structure of TLR; LPS signaling
(LRR) and a cytoplasmic domain similar to that of mam- is mediated by TLR4 in mouse and TLR2 in human.
malian interleukin-1 receptor (IL-1R) (Gay and Keith, However, there is a report showing that mouse TLR2
1991; Belvin and Anderson, 1996; O'Neill and Greene, also activated NF-kB in response to LPS (Heine et al.,
1998). Another Toll family member, 18-wheeler, is shown 1999). Chow et al. (1999) recently reported that human
TLR4 activated NF-kB-mediated gene expression by
stimulation with LPS/CD14 in a dose-dependent and‖ To whom correspondence should be addressed (e-mail: sakira@
biken.osaka-u.ac.jp). time-dependent fashion, which is consistent with the
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Figure 1. Targeted Disruption of the TLR2
Gene
(A) Schematic drawing of targeting proce-
dure. The TLR2 wild-type genome, the tar-
geting vector, and the predicted disrupted
gene, respectively, are shown. A solid bar de-
notes the coding exon. The neo box repre-
sents the MC-1 neo poly (A1) gene, and the
HSV-tk box represents the herpes simplex
virus-thymidine kinase gene. Restriction en-
zymes: B, BamHI; N, NcoI.
(B) Southern blotting of genomic DNA from
offspring of the heterozygous intercrosses.
Genomic DNA was extracted from mouse
tails, digested with NcoI, and hybridized with
the radiolabeled probe indicated in (A).
Southern blotting gave a single 5.8 kb band
for wild-type (1/1), a 4.0 kb band for homozy-
gous (2/2), and both bands for heterozygous
mice (1/2).
(C) Northern blot analysis of peritoneal mac-
rophages. Mice were intraperitoneally in-
jected with 2 ml of 4% thioglycollate. Three
days later, peritoneal exudate cells were har-
vested and cultured for 2 hr. Total RNA was
extracted from adherent cells, electropho-
resed, transferred to nylon membrane, and
hybridized with the mouse TLR2 cDNA probe.
The same membrane was rehybridized with
a GAPDH probe.
observation of C3H/HeJ mice. More conflictingly, they have generated mice deficient in TLR2 and compared
the responsiveness to bacterial cell wall componentsobtained the result using the same human 293 cells that
Kirschning et al. (1998) utilized. They speculate that the from Gram-negative and Gram-positive bacteria be-
tween TLR2 and TLR4-deficient mice.differences of outcome may be due to differences in the
lot of 293 cells as well as experimental differences (Chow
et al., 1999). Results
Recently, it has been demonstrated that TLR2 may
not be exclusively involved in a receptor for LPS from Generation of TLR2-Deficient Mice
The mouse tlr2 gene was disrupted by introducing aGram-negative bacteria (Heine et al., 1999) but may also
act as a signaling receptor for another common bacterial targeted mutation into E14.1 embryonic stem (ES) cells.
The coding region of the mouse tlr2 gene consists of astructural pattern: peptidoglycan (PGN) and lipoteichoic
acid (LTA) from Gram-positive bacteria (Schwandner et single exon. A targeting vector was designed to replace
a part of the exon that encodes the transmembraneal., 1999; Yoshimura et al., 1999). Whole Gram-positive
bacteria, soluble PGN, and LTA induced the activation and the cytoplasmic domain of TLR2 with the neo gene
(Figure 1A). ES cells were transfected with the linearizedof NF-kB in 293 cells expressing TLR2 but not in the
cells expressing TLR1 or TLR4 (Schwandner et al., 1999). targeting vector and selected in the presence of neomy-
cin and ganciclovir. Homologous recombination wasSimilarly, Chinese hamster ovary (CHO) fibroblast cells
expressing human TLR2 but not TLR4 were activated by achieved in 9 out of 120 ES clones resistant to neomycin
and ganciclovir. Three heterozygous ES cell lines con-heat-killed Staphylococcus aureus and Streptococcus
pneumoniae and PGN from S. aureus (Yoshimura et al., taining a mutant TLR2 allele were microinjected into
C57BL/6 blastocysts. One line of these chimeric mice1999). It was also shown that lipoproteins/lipopeptides
from mycobacterium and Borrelia burgdorferi induced successfully transmitted the disrupted TLR2 gene
through germline (Figure 1B). Heterozygous mice werethe activation of host cells through TLR2 (Aliprantis et
al., 1999; Brightbill et al., 1999). Nevertheless, the con- intercrossed to produce TLR2-deficient mice. TLR2-defi-
cient mice were born at the expected Mendelian ratio.clusions obtained from overexpression experiments
may not reflect the precise role of each TLR family mem- The mice grew healthy and did not show any obvious
abnormality until 20 weeks. To confirm that the TLR2ber in vivo. The responsiveness was mainly analyzed
based on activation of NF-kB. The activation of NF-kB mutation inactivates the TLR2 gene, we performed
Northern blot analysis. TLR2 mRNA could not be de-may not be related to biological responses mediated by
these stimuli (Denlinger et al., 1998). Furthermore, in tected in peritoneal macrophages of TLR2-deficient
mice (Figure 1C). Flow cytometric analysis revealed thatvivo responses to bacterial components are expected
to vary depending on the difference of expression levels the expressions of CD3, B220, CD4, and CD8 in thymo-
cytes and splenocytes were not altered in TLR2-defi-of each TLR on the cell surface. Since the contribution
of individual members of the TLR family to signaling by cient mice compared with wild-type mice (data not
shown). Surface expressions of B220, IgM, and IgD onmicrobial stimuli in vivo remains to be elucidated, we
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not produce any detectable levels of IL-6 and TNFa in
response to 1 ng/ml of LPS or lipid A (Figures 3A and
3B). Although lipid A or LPS alone did not induce NO22,
the production of NO22 was induced in wild-type macro-
phages when the cells were stimulated with lipid A plus
IFNg or LPS plus IFNg. Comparative amounts of NO22
were produced in TLR2-deficient macrophages. In con-
trast, TLR4-deficient macrophages did not produce
NO22 (Figure 3C). Similar results were obtained when
macrophages were cultured with 1 mg/ml of lipid A or
LPS in the presence or absence of IFNg (data not
shown). Then, we cultured peritoneal macrophages from
wild-type, TLR2-deficient, and TLR4-deficient macro-
phages in the presence of various concentrations of S.
minnesota Re-595 LPS and measured the production
of TNFa. Wild-type and TLR2-deficient macrophages
produced almost the same levels of TNFa in a dose-
Figure 2. Normal Responsiveness to LPS-Induced Shock in TLR2- dependent manner. In contrast, macrophages from
Deficient Mice TLR4-deficient mice did not secrete TNFa at any con-
Age-matched wild-type (n 5 5), TLR2-deficient (n 5 5), and TLR4- centration added (Figure 3D).
deficient mice (n 5 5) were intraperitoneally injected with 1.0 mg of
LPS derived from E. coli O55:B5. Mortality was assessed daily for
Normal Proliferation and Class II Expression6 days.
Augmentation in Response to LPS
in TLR2-Deficient B Cells
We next examined the responsiveness of B cells to LPS.TLR2-deficient splenocytes were also almost the same
B cells are known to proliferate and increase the surfacecompared with those of wild-type splenocytes, indicat-
MHC class II expression in response to LPS (Morrisoning the normal lymphocyte composition in TLR2-defi-
and Ryan, 1979; Kawai et al., 1999). Splenocytes werecient mice (data not shown).
cultured in the presence of various concentrations of
S. minnesota Re-595 LPS. Whereas this stimulation elic-TLR2-Deficient Mice Are Not Resistant
ited a dose-dependent mitogenic response in wild-typeto LPS-Induced Shock
and TLR2-deficient splenocytes, no LPS-induced prolif-Both TLR2 and TLR4 have been implicated in the signal-
erative response was observed in splenocytes froming of LPS (Kirschning et al., 1998; Poltorak et al., 1998;
TLR4-deficient mice (Figure 4A). We further examinedYang et al., 1998; Hoshino et al., 1999). To determine
MHC class II expression on the surface of B cells inthe role of TLR2 in endotoxin shock, wild-type, TLR2-
response to S. minnesota Re-595 LPS by flow cytome-deficient, and TLR4-deficient mice were injected intra-
try. Re-595 LPS induced an increase in the expressionperitoneally with high-dose LPS (1 mg), and their survival
of MHC class II on the surface of wild-type B cells. Awas monitored. Both wild-type and TLR2-deficient mice
comparable augmentation of MHC class II expressionsuccumbed to shock 1±5 days after LPS challenge, with
was observed in TLR2-deficient B cells. In contrast, Re-only one-fifth of both wild-type and TLR2-deficient mice
595 LPS did not augment MHC class II expression onsurviving on day 6 (Figure 2). In contrast, all TLR4-defi-
B cells from TLR4-deficient mice, even when stimulatedcient mice were alive on day 6. This result shows that
with high concentrations of LPS. Augmentation of MHCTLR4-deficient but not TLR2-deficient mice are hypore-
class II expression in response to IL-4 was normal insponsive to LPS-induced shock.
TLR2- and TLR4-deficient B cells, indicating that the
defective response was specific to LPS (Figure 4B).Normal Production of Proinflammatory Cytokines in
Response to LPS in TLR2-Deficient Macrophages
We next examined the responsiveness of TLR2-deficient Impaired TNFa Production in Response
to Gram-Positive Bacterial Cell Wallsand TLR4-deficient macrophages to LPS derived from
Salmonella minnesota Re-595 and synthetic Escherichia in TLR2-Deficient Macrophages
Cell walls from Gram-positive bacteria are also knowncoli-type lipid A (compound 506). Thioglycollate-elicited
peritoneal macrophages were cultured with 1 ng/ml of to activate host cells (Heumann et al., 1994; Pugin et
al., 1994). Therefore, we further analyzed the responseS. minnesota Re-595 LPS or synthetic lipid A in the
presence or absence of interferon-g (IFNg) for 24 hr. to cell wall preparations from several Gram-positive bac-
teria. These include cell wall preparations from S. aureus,Then, productions of IL-6, nitric oxide (NO22), and TNFa
were measured. Wild-type macrophages secreted IL-6 Corynebacterium diphtheriae, and Nocardia coeliaca.
Peritoneal macrophages from wild-type, TLR2-defi-and TNFa in response to LPS or lipid A and further
augmented the secretion when cocultured with IFNg. cient, and TLR4-deficient mice were cultured with vari-
ous concentrations of cell wall preparations for 24 hr,TLR2-deficient macrophages also produced IL-6 and
TNFa in response to lipid A or LPS. Significant differ- and the production of TNFa was measured. As shown
in Figure 5A, the cell wall preparation from S. aureusences were not observed in the amount of cytokine
production between wild-type and TLR2-deficient mac- induced TNFa in a dose-dependent manner in macro-
phages from wild-type mice. In contrast, TLR2-deficientrophages. In contrast, TLR4-deficient macrophages did
Immunity
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Figure 3. Normal Responsiveness of TLR2-
Deficient Macrophages to LPS
(A±C) Thioglycollate-elicited peritoneal mac-
rophages from wild-type, TLR2-, and TLR4-
deficient mice were cultured with 1.0 ng/ml
of synthetic E. coli-type lipid A or 1.0 ng/ml
of S. minnesota Re-595 LPS in the presence
or absence of IFNg (30 U/ml) for 24 hr. Con-
centrations of (A) IL-6, (B) TNFa, and (C) NO2
in the culture supernatants were measured
by ELISA. ND, not detected.
(D) Peritoneal macrophages from wild-type,
TLR2-, and TLR4-deficient mice were cul-
tured with the indicated amounts of S. minne-
sota Re-595 LPS for 24 hr. Concentrations of
TNFa in the culture supernatants were mea-
sured by ELISA. These data are the average
of four mice analyzed.
macrophages did not produce any detectable levels of manner. TLR4-deficient macrophages produced TNFa
to almost the same extent as the cells from wild-typeTNFa, even when stimulated with high concentrations
of S. aureus cell wall. Macrophages from TLR4-deficient mice. In contrast, the production of TNFa from TLR2-
deficient macrophages was impaired compared withmice also displayed impaired TNFa secretion compared
with wild-type mice, although S. aureus cell wall induced those of wild-type macrophages (Figure 5B). Similar re-
sults were obtained in response to cell wall preparationsignificant levels of TNFa production. The cell wall prep-
aration from C. diphtheriae also induced TNFa produc- from N. coeliaca (Figure 5C). These results demonstrate
that macrophages from TLR2-deficient mice displayedtion in wild-type macrophages in a dose-dependent
Figure 4. Normal Responsiveness of TLR2-
Deficient B Cells to LPS
(A) Splenocytes were isolated and cultured
with the indicated concentrations of S. min-
nesota Re-595 LPS for 48 hr. One microcurie
of [3H]thymidine was pulsed for the last 8 hr.
Then, [3H] incorporation was measured by a
b scintillation counter.
(B) Splenocytes were cultured with the indi-
cated concentrations of S. minnesota Re-595
LPS or 100 U/ml of IL-4 for 48 hr. Cells were
harvested and stained with biotin-conjugated
anti-I-Ab antibody followed by streptavidin-
FITC or B220-PE. Cells were analyzed by
FACS Calibur using CELLQuest software. Data
shown are from an experiment that is repre-
sentative of three separate experiments.
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Figure 5. Responsiveness of Macrophages
to Gram-Positive Bacterial Cell Walls
Peritoneal macrophages from wild-type,
TLR2-, and TLR4-deficient mice were cul-
tured with the indicated concentrations of cell
wall preparations from (A) S. aureus, (B) C.
diphtheriae, and (C) N. coeliaca for 24 hr.
Concentrations of TNFa in the culture super-
natants were measured by ELISA. These data
are the average of three mice analyzed.
impaired TNFa production in response to Gram-positive the production of TNFa was measured. Whereas this
stimulation elicited a dose-dependent TNFa produc-cell wall preparations.
tion in wild-type and TLR2-deficient macrophages, LTA-
induced TNFa production was severely impaired inImpaired Responsiveness to S. aureus PGN but Not
to LTAs in TLR2-Deficient Macrophages TLR4-deficient macrophages (Figure 6D). When we used
LTA from S. sanguis that was commercially availableThese results indicate that TLR2 participates in the rec-
ognition of Gram-positive cell wall components. In order and further purified by chromatography, TLR4-deficient
macrophages but not wild-type or TLR2-deficient mac-to investigate which cell wall component of Gram-posi-
tive bacteria activates macrophages via TLR2, we exam- rophages showed severely impaired responsiveness to
LTA from S. sanguis (data not shown).ined the responsiveness of macrophages to PGN and
LTA. Both of them are known to activate monocytes/
macrophages directly (Keller et al., 1992; Pugin et al.,
1994; Cleveland et al., 1996; Gupta et al., 1996). Perito- IRAK and NF-kB Activation in Response to LPS
and PGNneal macrophages were cultured with 10 mg/ml of S.
aureus PGN in the presence or absence of IFNg for 24 hr, TLR family members are known to activate rel-type tran-
scription factor, NF-kB, via an adaptor protein MyD88and secretions of IL-6 and NO22 in culture supernatants
were measured. Wild-type and TLR4-deficient macro- and a serine/threonine kinase IRAK (Medzhitov et al.,
1998; Muzio et al., 1998; Kawai et al., 1999). To investi-phages produced comparable amounts of IL-6 in re-
sponse to S. aureus PGN. In contrast, the production gate whether or not these intracellular signaling mole-
cules were activated by LPS and PGN, we first analyzedof IL-6 was not detected in TLR2-deficient macrophages
in response to PGN (Figure 6A). Although S. aureus PGN the activation of IRAK after stimulation with LPS or PGN.
Peritoneal macrophages were treated with 1 ng/ml ofalone did not induce NO22, a dramatic secretion of NO22
was induced in TLR4-deficient macrophages as well as S. minnesota Re-595 LPS or 10 mg/ml of S. aureus PGN
for 20 min. Then, the cells were lysed and immunopre-in wild-type macrophages when cocultured with PGN
plus IFNg. In TLR2-deficient macrophages, the induction cipitated with anti-IRAK1 antibody. The kinase activity
of IRAK was measured by in vitro kinase assay. Twentyof NO22 was also severely impaired (Figure 6A). Then,
we cultured peritoneal macrophages with various con- minutes after stimulation with LPS, autophosphorylation
of IRAK was detected both in wild-type and TLR2-defi-centrations of S. aureus PGN for 24 hr, and the produc-
tion of TNFa was measured. Macrophages from wild- cient macrophages (Figure 7A). In contrast, IRAK activa-
tion in response to LPS was not observed in TLR4-type and TLR4-deficient mice produced TNFa in a
similar dose-dependent manner. In contrast, macro- deficient macrophages. On the other hand, whereas
PGN activated IRAK both in wild-type and TLR4-defi-phages from TLR2-deficient mice showed a severe de-
fect in the production of TNFa in response to PGN (Fig- cient macrophages, IRAK autophosphorylation was
abolished in TLR2-deficient macrophages (Figure 7B).ure 6B).
We next examined the responsiveness of macro- These results indicate that both LPS and PGN activate
IRAK activity, and LPS and PGN-induced IRAK activa-phages to LTA. To exclude the possibility of the con-
tamination of other bacterial components, we purified tions are mediated through TLR4 and TLR2, respec-
tively.commercially available S. aureus LTA further by chroma-
tography. Peritoneal macrophages were cultured with We next investigated NF-kB activation in response to
LPS or PGN. Peritoneal macrophages were stimulated10 mg/ml of purified S. aureus LTA with or without IFNg
for 24 hr, and productions of IL-6 and NO22 were mea- with S. minnesota LPS (1 ng/ml) or S. aureus PGN (10
mg/ml) for indicated periods. Nuclear extracts from mac-sured. As shown in Figure 6C, LTA induced the produc-
tion of IL-6 and NO2 in wild-type and TLR2-deficient rophages were analyzed by electrophoretic mobility
shift assay using a specific probe containing NF-kBmacrophages. Significant differences were not observed
in the production of IL-6 and NO22 between wild-type and binding site. LPS-induced NF-kB DNA binding activity
was detected in nuclear extracts from wild-type andTLR2-deficient macrophages. In contrast, macrophages
from TLR4-deficient mice showed severely impaired pro- TLR2-deficient cells, whereas that activity was not de-
tected in TLR4-deficient cells (Figure 7C). On the con-ductions of IL-6 and NO22 in response to S. aureus LTA
(Figure 6C). Then, macrophages were stimulated with trary, PGN-induced NF-kB activation was observed in
wild-type and TLR4-deficient macrophages but not invarious concentrations of S. aureus LTA for 24 hr, and
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Figure 6. Responsiveness of Macrophages
to S. aureus PGN and S. aureus LTA
(A) Peritoneal macrophages from wild-type,
TLR2-, and TLR4-deficient mice were cul-
tured with 10 mg/ml of PGN from S. aureus
in the presence or absence of IFNg (30 U/ml)
for 24 hr. Concentrations of IL-6 and NO2 in
the culture supernatants were measured. ND,
not detected.
(B) Peritoneal macrophages were cultured
with the indicated amounts of S. aureus PGN
for 24 hr. Concentrations of TNFa in the cul-
ture supernatants were measured.
(C) Peritoneal macrophages from wild-type,
TLR2-, and TLR4-deficient mice were cul-
tured with 10 mg/ml of purified S. aureus LTA
in the presence or absence of IFNg (30 U/ml)
for 24 hr. Concentrations of IL-6 and NO2 in
the culture supernatants were measured. ND,
not detected.
(D) Peritoneal macrophages were cultured
with the indicated amount of purified S.
aureus LTA for 24 hr. TNFa concentrations
in the culture supernatants were measured.
These data are the average of three mice ana-
lyzed.
TLR2-deficient cells (Figure 7D). These results demon- Furthermore, the mice deficient in TLR4 were shown to
be hyporesponsive to LPS (Hoshino et al., 1999). Al-strate that TLR4 is required for LPS-induced NF-kB acti-
vation, whereas TLR2 is indispensable for NF-kB activa- though the LPS signaling capability of TLR2 has been
demonstrated by overexpression experiments, the physio-tion in response to PGN.
logical role of TLR2 in LPS response is at present not
known. Our present study has clearly demonstrated thatDiscussion
TLR2-deficient mice succumbed to LPS-induced shock,
and macrophages and B cells from TLR2-deficient miceWe have studied the in vivo roles of TLR2 and TLR4 in
the recognition of bacterial cell wall components by responded to LPS to almost the same extent as those
from wild-type mice. These results indicate that TLR2generating knockout mice. In the absence of TLR2, the
response to cell wall preparations from Gram-positive is not involved in LPS response in mice. A reconciliation
of the discrepancy between the present study and previ-bacteria was impaired. TLR2-deficient mice did not re-
spond to PGN. However, TLR2-deficient mice displayed ous overexpression experiments may be that LPS sig-
naling is mediated by different TLRs depending on thealmost the same LPS responsiveness as wild-type mice.
Conversely, TLR4-deficient mice showed normal re- species of animals. However, human TLR4 is shown to
activate NF-kB-mediated gene expression by stimula-sponses to PGN but hyporesponses to LPS and LTA.
Both TLR2 and TLR4 have been implicated in the tion with LPS/CD14 (Chow et al., 1999). Shimazu et al.
(1999) also showed that human TLR4 itself did not conferresponsiveness to LPS. TLR2 is the first member of the
TLR family that was found to be involved in respon- LPS responsiveness but conferred LPS responsiveness
in the presence of MD-2, a molecule associated withsiveness to LPS. The human embryonic kidney 293 cells
expressing TLR2 acquired the responsiveness to LPS TLR4 on the cell surface. Recently, Chinese hamsters
were shown to have a defective TLR2 molecule, butplus LBP, although the parental 293 cells did not re-
spond to it. Transient transfection of 293 cells with mem- cells from the hamster responded to LPS (Heine et al.,
1999). Although there remains the possibility that differ-brane CD14 expression vector increased the sensitivity
and magnitude of TLR2-mediated LPS responsiveness. ent species of animals use different Toll molecules in
LPS signaling, we may conclude that TLR4 but not TLR2Furthermore, overexpression of dominant-negative TLR2
specifically inhibited LPS-induced NF-kB activation plays a critical role in LPS signaling in vivo.
TLR2-deficient macrophages showed severely im-(Kirschning et al., 1998; Yang et al., 1998). Evidence was
also provided that TLR2 may directly bind LPS (Yang et paired responsiveness to various Gram-positive cell wall
preparations. In contrast, cell wall-induced TNFa pro-al., 1998). Recently, it was shown that human TLR2 can
interact with CD14 to form the LPS receptor complex. duction in TLR4-deficient macrophages was not af-
fected or was somewhat impaired, depending on theLPS treatment leads to receptor oligomerization and to
subsequent recruitment of IRAK (Yang et al., 1999). In bacterial strains. PGN is abundantly present in Gram-
positive bacteria, in which it accounts for half of theaddition to TLR2, TLR4 was also found to be involved
in LPS-mediated signaling. Positional cloning of the Lps mass of their cell wall (Schleifer and Kandler, 1972). In
this regard, PGN may play a major role in cell wall-gene, which governs responses to LPS, disclosed that
the defect in the LPS-hyporesponsive mouse strains induced macrophage activation. Indeed, TLR2-deficient
macrophages also display impaired responses to S.C3H/HeJ and C57BL/10ScCr is due to mutation in the
TLR4 gene (Poltorak et al., 1998; Qureshi et al., 1999). aureus PGN. In TLR2-deficient macrophages, neither
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Figure 7. IRAK and NF-kB Activation in Re-
sponse to LPS or PGN in Macrophages
(A and B) IRAK activation in response to LPS
or PGN. Peritoneal macrophages from wild-
type, TLR2-, and TLR4-deficient mice were
stimulated with (A) 1.0 ng/ml of S. minnesota
Re-595 LPS or (B) 10 mg/ml of S. aureus PGN
for 20 min. Then, the cells were lysed and
immunoprecipitated with anti-IRAK antibody.
The kinase activities were determined by in
vitro kinase assay (upper panels). The same
lysates were blotted with anti-IRAK antibody
(lower panels). Similar results were obtained
from three independent experiments. Auto,
autophosphorylation.
(C and D) NF-kB activation in response to
LPS or PGN. Peritoneal macrophages were
stimulated with (C) 1.0 ng/ml of S. minnesota
LPS or (D) 10 mg/ml of S. aureus PGN for
the indicated periods. Then, nuclear extracts
were prepared and incubated with a specific
probe containing NF-kB binding site. NF-kB
activities were determined by electrophoretic
mobility shift assay. Inducible NF-kB com-
plex was indicated by the arrows. The arrow-
heads indicate the free probes. Similar results
were obtained from three independent exper-
iments.
IRAK nor NF-kB activation was observed in response activation of distinct Toll-like receptors on the cell sur-
face (Lemaitre et al., 1997; Kopp and Medzhitov, 1999).to S. aureus PGN, indicating that TLR2 is required for
the activation of the intracellular signaling pathway from It has been speculated that the mammalian TLR family
may play a corresponding role. In this regard, differentIRAK to NF-kB in response to PGN. This finding is con-
sistent with a recent report showing that overexpression TLR may recognize different bacterial molecular pat-
terns. In this study, we have clearly shown differentialof human TLR2 in CHO/CD14 cells conferred the respon-
siveness to PGN (Yoshimura et al., 1999). These results roles between TLR2 and TLR4 in the recognition of bac-
terial cell wall components using knockout mice. Ourdemonstrate that TLR2 is essential for responsiveness
to bacterial PGN. results demonstrated that TLR2 is not ªan all-around
playerº for the signaling of bacterial cell wall compo-A recent report described that LTA-induced NF-kB
activation in 293 cells is also mediated by TLR2 nents but rather a signaling receptor for selective com-
ponents such as bacterial PGN, which is a component(Schwandner et al., 1999). However, our present study
demonstrated that the responsiveness to LTA was not essential for Gram-positive bacterial recognition.
impaired in TLR2-deficient macrophages. In contrast,
TLR4-deficient macrophages showed a severe defect Experimental Procedures
in response to LTA. In interpreting these results, we
Generation of TLR2-Deficient Micehave to consider the possibility of contamination of other
An 129/SvJ mouse genomic library (Stratagene) was screened usingbacterial cell wall components, especially LPS. To ex-
a probe derived from a mouse EST clone similar to human TLR2clude the possibility of LPS contamination, we repurified
(accession number D77677). A genomic DNA fragment that includes
commercial LTA from S. aureus and S. sanguis by hy- an exon was subcloned into pBluescript (Stratagene), characterized
drophobic interaction chromatography and used them by restriction enzyme mapping and DNA sequencing. A targeting
for experiments. These results demonstrate that TLR4 vector was constructed by replacing a 1.3 kb fragment containing
the exon with pMC1-neo (Stratagene). The targeting vector wasbut not TLR2 is required for the recognition of LTA as
flanked by the 4.8 kb 59 genomic fragment and a 1.0 kb 39 fragmentwell as LPS.
and contained an HSV-tk cassette at the 59 end of the vector. TheThe physicochemical properties and location of LTA
targeting vector was linearized with SalI and electroporated intoin Gram-positive bacterial cells have similarity to LPS
E14.1 ES cells. The resistant clones to G418 and gancyclovir were
of Gram-negative bacteria. LTA is a macroamphiphile screened for homologous recombination by PCR and confirmed
that contains glucose or D-alanine substituted polyglyc- by Southern blot analysis using the probe indicated in Figure 1A.
erophosphate attached to a glycolipid. The glycolipid Chimeric mice were generated by microinjection of the targeted ES
clones into C57BL/6 blastocysts. Male chimeric mice were bred tomoiety anchors the Gram-positive bacterial cytoplasmic
C57BL/6 females to produce heterozygous mice. Heterozygousmembrane in a manner similar to the interaction between
mice were interbred to obtain homozygotes. TLR2-deficient micethe lipid A moiety of LPS and outer membrane of Gram-
and their wild-type littermates from these intercrosses were used
negative bacteria (Fischer, 1990). Lipid A is also a glyco- for experiments.
lipid containing two glucosamines that are decorated
with fatty acids (Rietschel et al., 1994). TLR4 might rec-
Mice
ognize the common molecular patterns of glycolipid. The mutant mouse (F2 interbred from 129/Ola 3 C57BL/6) strain
In Drosophila, infection by different classes of micro- deficient in TLR4 was generated by gene targeting, as described
previously (Hoshino et al., 1999). Age-matched groups of wild-type,organisms results in an antimicrobial response through
Immunity
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TLR2-deficient, and TLR4-deficient mice were used for the experi- anti-B220 antibody and biotin-conjugated anti-I-Ab antibody fol-
lowed by streptavidin-FITC. Stained cells were analyzed on FACSments.
Calibur using CELLQuest software (Becton Dickinson).
Reagents
LPS from S. minnesota Re-595 prepared by phenol-chloroform- In Vitro Kinase Assay and Western Blot Analysis
petroleum ether extraction procedure was purchased from Sigma. Peritoneal macrophages (1 3 106) were stimulated with 1 ng/ml of
LPS from E. coli serotype O55:B5 was obtained from DIFCO. E. coli- S. minnesota Re-595 LPS or 10 mg/ml of S. aureus PGN for 20 min.
type synthetic lipid A (compound 506) was purchased from Daiichi Then, cells were lysed with lysis buffer containing 1.0% Triton X-100,
Pure Chemicals. Synthetic lipid A was solubilized in endotoxin-free 137 mM NaCl, 20 mM Tris-HCl (pH 8.0), 5 mM EDTA, 10% glycerol,
water containing 0.025% of triethylamine. 1 mM PMSF, 20 mg/ml aprotinin, 20 mg/ml leupeptin, 1 mM Na3VO4,
PGN from S. aureus was purchased from Fluka. LTA from S. and 10 mM b-glycerophosphate. The cell lysates were immunopre-
aureus and S. sanguis were obtained from Sigma. Purification of cipitated with anti-IRAK antibody, and IRAK kinase activity was
LTAs from S. aureus and S. sanguis was as described (Sugiyama measured by in vitro kinase assay as described previously (Kojima
et al., 1996). In brief, commercial LTA of S. aureus and S. sanguis et al., 1998; Kawai et al., 1999). Anti-IRAK antibody was kindly pro-
was subjected to hydrophobic interaction chromatography on an vided by Hayashibara Biochemical Laboratories. The same lysates
Octyl-Sepharose CL-4B column (Amershan Pharmacia). A single were dissolved by SDS-PAGE and transferred onto a nitrocellulose
peak fraction obtained was lyophilized and used as a purified LTA. membrane. The membrane was blotted with anti-IRAK antibody
Limulus activity of the purified S. aureus LTA was 1.5 ng/mg and (Transduction Laboratories) and visualized using the enhanced
that of purified S. sanguis LTA was 0.1 ng/mg. All LPS, PGN, and chemiluminescence system (DuPont).
LTAs were dissolved in endotoxin-free water and sonicated before
use. Electrophoretic Mobility Shift Assay
Mouse IL-4 and IFN-g were purchased from Genzyme. Biotinyl- Peritoneal macrophages (2 3 106) were stimulated with 1 ng/ml of
ated anti-mouse I-Ab antibody, FITC-conjugated streptavidin, and S. minnesota Re-595 LPS or 10 mg/ml of S. aureus PGN for indicated
PE-conjugated B220 were purchased from PharMingen. periods. Nuclear extracts were purified from cells and incubated
with a specific probe for NF-kB DNA binding site, electrophoresed,
Preparation of Gram-Positive Bacterial Cell Wall and visualized by autoradioglaphy as described previously (Adachi
Test cell wall specimens from S. aureus, C. diphtheriae, and N. et al., 1998).
coeliaca were prepared by the methods previously described (Ko-
tani et al., 1975; Ogawa et al., 1982). In brief, bacterial cells grown Acknowledgments
under appropriate cultural conditions were disrupted with either a
Braun mechanical cell homogenizer (model MSK; B. Braun Appara- We thank T. Aoki for secretarial assistance and E. Nakatani and A.
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ugation of a disrupted cell suspension was purified by removal of
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